Escherichia coli Q13 was infected with bacteriophage Q8 and subjected to energy source shift-down (from glucose-minimal to succinate-minimal medium) 20 min after infection. Production of progeny phage was about fourfold slower in down-shifted cultures than in the cultures in glucose medium. Shift-down did not affect the rate of phage RNA replication, as measured by the rate of incorporation of ['4C]uracil in the presence of rifampin, with appropriate correction for the reduced entry of exogenous uracil into the UTP pool. Phage coat protein synthesis was three-to sixfold slower in down-shifted cells than in exponentially growing cells, as determined by polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulfate. The polypeptide chain propagation rate in infected cells was unaffected by the down-shift. Thus, the reduced production of progeny phage in down-shifted cells appears to result from control of phage protein synthesis at the level of initiation of translation. The reduction in the rate of Qf coat protein synthesis is comparable to the previously described reduction in the rate of synthesis of total E. coli protein and of ,B-galactosidase, implying that the mechanism which inhibits translation in down-shifted cells is neither messenger specific nor specific for 5' proximal cistrons. The intracellular ATP pool size was nearly constant after shift-down; general energy depletion is thus not a predominant factor. The GTP pool, by contrast, declined by about 40%. Also, ppGpp did not accumulate in down-shifted, infected cells in the presence of rifampin, indicating that ppGpp is not the primary effector of this translational inhibition.
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When growing Escherichia coli cells are transferred to a medium supporting a lower growth rate (shift-down), protein synthesis is inhibited (12) . Westover and Jacobson (40) showed that polypeptide chain initiation is inhibited 85 to 90% while polypeptide chain propagation is unaffected by shift-down. This result explains the earlier observations of Friesen (13) and Ruscetti and Jacobson (34) that shift-down leads to a loss of polyribosomes and concomitant accumulation of 70S single ribosomes or "monosomes." The 70S monosomes from downshifted cells were characterized by several criteria as "complexed" rather than "free" ribosomes and were found to be associated with pulse-labeled RNA (34) . Jacobson and Baldassare (21) examined 70S monosomes with an electron microscope and showed that monosomes lie at or near the 5' end of an mRNA strand. These observations are consistent with the hypothesis that in down-shifted cells there is a rate-limiting t Present address: Department of Microbiology, University of Massachusetts, Amherst, MA 01003. step in translation at a point subsequent to the binding of ribosomes to mRNA but prior to the fornation of the first peptide bond.
Inasmuch as the degree of inhibition of f8-galactosidase synthesis was approximately the same as that of total protein (40) , it seemed likely that the control of translation following a shift-down is relatively nonspecific. To further study the specificity and mechanism of this control, we examined the effect of shift-down on the in vivo translation of bacteriophage QJ RNA. Our data show that the rate of Q8 coat protein synthesis following shift-down is reduced to about the same degree as that offB-galactosidase and total protein, indicating that the control of translation is relatively nonspecific. Further- more, Qf coat protein, unlike fB-galactosidase, is translated from an internal cistron of a polycistronic mRNA (19) ; hence, the control mechanism is not specific for 5'-terminal cistrons.
(A preliminary report of this work was presented at the 76th Annual Meeting of the American Society for Microbiology, Atlantic City, N. J., 2-7 May 1976.) MATERIALS 
AND METHODS
Bacteriophage and host bacterium. E. coli strain Q13P17 was used in this study. This strain was derived in our laboratory from the male strain Q13 (33) , which requires methionine, tyrosine, and an additional organic nutrient of unknown character, has "relaxed" control of RNA synthesis, and lacks RNase I and polynucleotide phosphorylase. Strain Q13P17 was selected for its ability to grow in minimal media supplemented with only methionine and tyrosine and for its inability to grow on a solid medium containing 10 jg of rifampin per ml. Bacteriophage Q,B was obtained from K. Ippen-Ihler.
Growth and infection of bacteria. Bacteria were cultured in glucose-minimal media. A phosphatebuffered minimal medium containing 25 colorimeter.
Cultures grown to a density of 3 x 108 cells/ml received 2 mM CaCl2 and were infected at a multiplicity of 30 PFU/bacterium. Infection proceeded for 20 min before the shift-down was imposed. Shift-down was executed by rapidly chilling infected cells, harvesting cells by centrifugation, and resuspending them in minimal medium containing 10 mM disodium succinate as sole carbon source (34) . Alternatively, cells were harvested by rapid filtration (40) , but either shiftdown procedure gave identical results. The centrifugation procedure took exactly 15 min but apparently did not alter the timing of the infectious cycle, as indicated by the nearly identical kinetics of phage production and RNA synthesis in infected cultures growing in glucose medium and in infected glucosegrown cultures shifted to fresh glucose medium.
Bacteriophage stocks. Cultures were grown in phosphate-buffered medium supplemented with salts and ascorbic acid as described above and with 30 mM glucose, 2 mM CaCl2, 40 Mg each of methionine and tyrosine per ml, and 1 mg of tryptone (Difco) per ml. At a density of about 6 x 108 cells/ml, the cultures were infected at a multiplicity of 5 PFU/bacterium. Cultures were incubated at 37°C with shaking for an additional period of 6 h. A few drops of chloroform were added, cells and debris were removed by centrifuging for 20 min at 2,500 x g, and solid (NH1)2SO4 was added to the supernatant fluid to a final concentration of 260 g/liter. After overnight stirring at 4'C, the precipitated phage were collected by centrifugation, resuspended in 10 ml of phage buffer per liter of infected culture, and dialyzed at 4°C overnight against 1 liter of phage buffer. Phage buffer contained 50 mM Tris-hydrochloride, pH 7.6, 100 mM NaCl, and 10 mM EDTA. Titers of 10'3 to 1014 PFU/ml were normally obtained.
Measurement of total phage production in infected cells. Cultures growing in glucose medium were down-shifted 20 min after infection as described above. At each time indicated, a sample (0.05 ml) was added to 1 ml of lysis buffer (0.12 M Tris-hydrochloride, pH 8.0, 50 mM EDTA, and 1 mg of lysozyme per ml). The mixtures were treated as described by Fromageot and Zinder (14) to determine the titers.
Radioisotope incorporation into phage RNA. Cultures were treated with 200 Mg of rifampin per ml 10 min before the addition of labeled precursors. At this concentration the rate of incorporation of labeled RNA precursor into uninfected, glucose-grown cultures is less than 2% of the rate in uninfected cultures without rifampin, and it is less than 15% of the rate in infected rifampin-treated cultures. This is consistent with the observation of Fromageot and Zinder (14) that, while cellular RNA synthesis is almost completely inhibited in cultures treated with rifampin, phage-specific RNA replication is virtually unaffected. A correction for the residual incorporation into uninfected, rifampin-treated cultures was made in each experiment by a point-for-point subtraction of the radioactivity in the control (uninfected) from the radioactivity in the experimental (infected) culture.
Cells were treated with rifampin at the time of shiftdown (20 min after infection) and were labeled with 1 MCi of [2-'4C]uracil per ml 10 min later. Methods for the assay of isotope incorporation into trichloracetic acid-insoluble material (34) and measurement of radioactivity (20) The procedures for slab gel preparation andelectrophoresis described by Studier (36) were used but were modified slightly. Each sample with 0.02 pg of bromophenol blue was placed in a sample well of a 15% slab gel. Electrophoresis at 35 mA was allowed to proceed just until the dye reached the bottom of the gel. Electrode L;uffer contained 0.05 M Tris, 0.38 M glycine, and 0.1% sodium dodecyl sulfate.
After electrophoresis the gel slab was dried as described by Maizel (28) . Autoradiograms were prepared by exposing Kodak type SB45 medical X-ray film to dried gels for 3 days and were scanned with a JoyceLoebl microdensitometer. Control experiments showed that autoradiogram film density was proportional both to the exposure time and to the amount of protein layered on the gel. Coat protein was quantified by the method of Casjens and King (7): coat protein peak on the microdensitometer tracing was cut out and weighed as a measure of the relative amount of coat protein present at each sampling time.
Induction and assay of f-galactosidase. Infected or uninfected cells were shifted to fresh medium by filtration (40) . 8i-Galactosidase synthesis was induced at the indicated times by the addition of 0. Egg white lysozyme and electrophoretically pure DNase were purchased from Worthington Biocemical Corp., Freehold, N.J.; chloramphenicol, from Calbiochem, Los Angeles, Calif.; and isopropyl-fl-D-thiogalactopyranoside and 4-methylumbelliferyl-fi-D-galac-hibited (Fig. 1) . Replicase formation is substantially complete in 20 min of infection (26) ; thus, we have avoided possible complications due to an effect of shift-down on the synthesis of replicase. Cells were lysed enzymatically, so the sum of intracellular and extracellular phage is represented in Fig. 1 . The rate of appearance of progeny phage in the period from 25 min to 40 min in the down-shifted culture was about fourfold lower than in the control culture which was treated in the same manner as the down-shifted culture but resuspended in fresh glucose medium.
Phage RNA replication after shift-down. The use of rifampin allows the direct measurement of phage RNA replication in infected cells (14) . Figure 2 shows The highest rates shown in Fig. 2 were obtained at a multiplicity of 5 [1 -P(0) = 0.99]. At a higher multiplicity (up to 30) the rate of incorporation did not increase further. This is consistent with previous observations (3) that an E. coli cell can be penetrated by only one, or at most a small number, of phage RNA molecules. In any case, if more than one phage RNA molecule does penetrate a bacterium, it does not result in an increased rate of incorporation of isotope into phage RNA.
The kinetics of incorporation of ['4C]uracil into phage RNA in rifampin-treated cells are shown in Fig. 3 . The rate of incorporation in infected down-shifted cells was about fivefold lower than in infected cells shifted to fresh glucose medium. Addition of glucose (45 min) restored the rate of incorporation to a rate nearly that found in exponentially growing cells, even after the addition of chloramphenicol (42 min) . This implies that the rate of RNA labeling in down-shifted cells is not limited by the synthesis of any protein necessary for the replication process.
To determine whether this reduced rate of incorporation was due to a lower specific activity of the UTP pool in down-shifted cells, we meas- Production of Q/3 in cultures subjected to a shift-down 20 min after infection. A culture growing in minimal medium was infected with Q/ and 20 min after infection was shifted, part to succinate medium (0) and part to fresh glucose medium (0). Total phage production (given as PFU/ml) was measured as described in Materials and Methods.
ured the rate of uptake of ['4C]uracil into the UTP pool in cells treated in the same manner as those in the experiment shown in Fig. 3 . The rise in the specific activity of the UTP pool following addition of ["4C]uracil was monitored in bacteria that had been cultured with [3H]uridine long enough to ensure equilibration of the uridine with the intracellular UTP pool. The 3H radioactivity in extracted UTP was then proportional to the molar amount of cellular UTP at all sampling times, and the ratio of '4C to 3H radioactivity in UTP was proportional to the specific activity of the UTP pool. Figure 4 shows that the uptake of uracil into the UTP pool was inhibited considerably in the down-shifted culture as compared to the control (glucose) culture.
Using these specific activity measurements and the data on the labeling of phage RNA with
[14C]uracil (Fig. 3) , we calculated the rate of phage RNA replication in down-shifted cells relative to that in growing cells by the method of Lazzarini and Dahlberg (25) , with slight modifications. This calculation is illustrated in Table  1 . First, the overall rate of ['4C]uracil incorporation was corrected for the amount of isotope entering phage RNA in CMP residues to determine the rate of incorporation of isotope into UMP residues only (column 7) . Dividing this by the relative specific activity of the UTP pool (column 4) gave a "corrected" rate of incorpo- (Table 4) .
In both these experiments and in the experiments of Watson and Yamazaki (39) , cultures were treated with rifampin, which has been reported to inhibit RNA replication during infection by some RNA phages (8, 29) . However, Engelberg et al. (9) showed that rifampin inhibits neither the conversion of Qf parental RNA into double-stranded form nor the disappearance of parental RNA from that form, and they concluded that Qf RNA replication is unaffected by the drug. Thus, the decreasing rate of RNA replication that we observed probably is not an artifact of rifampin treatment but may reflect the normal course of RNA replication during infection.
The fact that the total rate of phage RNA synthesis was about the same in the exponential and down-shifted cultures does not necessarily indicate that the amount of RNA available for translation of phage proteins is the same in both cultures. During the course of the infectious cycle, some of the newly formed phage RNA will be encapsulated to form virions and some will be sequestered in the double-stranded intermediates of replication (10) .
To determine the distribution of phage RNA (10) , and the RNA in infectious virions is protected from digestion by the capsid protein (1, 18) . Sucrose gradient analysis (data not shown) of an RNase-treated lysate from glucose-grown cells showed that 35% of the radioactivity appeared in a peak corresponding to intact virions (84S) and 47% of the radioactivity sedimented at <25S, presumably representing the double-stranded forms of phage RNA. No peak corresponding to ribosomes (70S) was present in the RNase-treated lysates, and extracts of uninfected cells lacked the 84S virion peak.
The data in Table 2 show that the fraction of RNase-resistant radioactivity was the same (19 to 20%) in the growing and down-shifted cultures. It follows that the fraction of singlestranded phage RNA also was the same in both cultures. Since down-shifted cells and growing cells contained both the same proportion of these different species of phage RNA and the same total amount of phage RNA, it is likely that the amount of RNA available for translation of phage proteins was the same in both cultures.
Phage coat protein synthesis after shiftdown. From the results presented above, we concluded that the reduced production of progeny phage following shift-down was not due to an inhibition of phage RNA replication. Furthermore, the observation that the rate of phage RNA replication was unaffected by the shift- Fig. 5 . The predominant peak, with a molecular weight of about 14,000, was found in infected cells and was presumed to represent coat protein (23) .
Autoradiogram film density, as determined by the area under the coat protein peak on microdensitometer tracings, was found to be proportional to the amount of protein layered on the gel; therefore, to measure the relative amount of coat synthesized during different intervals following a shift-down, we cut out the coat protein peaks on tracings and weighed them (Table 3) .
It can be seen that over the period from 30 to 45 min after infection, during which the number of viable phage particles in the culture increased approximately 10-fold (see Fig. 1 ), the rate of coat protein synthesis in the culture shifted to succinate medium was approximately 20% of that in the culture shifted to fresh glucose medium. The reduction in the rate of coat protein synthesis in down-shifted cells was about the same as the reduction in the rate of appearance of viable progeny phage (Fig. 1) . In view of the fact that the rate of RNA replication in both cultures was the same over this period (Table  1) , it seems probable that the lower rate of production of viable phage in the down-shifted cultures was a direct result of the reduced rate of coat protein synthesis.
Polypeptide chain growth rates. To determine whether the rate of polypeptide chain growth was affected by the shift-down, we measured the lag time for,-galactosidase induction in both uninfected and infected cells in glucose medium, and in down-shifted, infected cells. As shown in Fig. 6, a plot Proteins from an uninfected control culture were separated and visualized in the same manner (dashed line). The molecular weight scale on the abscissa was deternined by electrophoresis of proteins ofknown molecular weight on the same gel slab.
The standards used and their molecular weights were bovine serum albumin (68,000), ovalbumin (43,000), pepsin (35,000), chymotrypsinogen (25,700), and myoglobin (17,000).
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Although the rate of incorporation of exogenous radioactive uracil into phage RNA was greatly reduced in the down-shifted culture (Fig.  3) , as was also observed by Friesen (11) , this only represented a reduced rate of entry of exogenous uracil into the intracellular UTP pool (Fig. 4) . After appropriate correction for the relative specific activities of the UTP pools (Table 1), the rate of Q8 RNA synthesis was seen to be the same in the exponential (glucose) and down-shifted (succinate) cultures. Thus, although the inhibition of rRNA synthesis following an energy source shift-down has been carefully documented (16), the claim (11) of similar control of phage RNA replication does not seem to be valid.
Since the rate of phage RNA replication and the fraction of phage RNA in RNase-resistant forms was the same in the two cultures (Table  2) , we conclude that the amount of singlestranded phage-specific RNA available for translation of phage proteins was the same.
Nevertheless, the rate of synthesis of the Q.? coat protein was reduced by three-to fivefold in the down-shifted cultures (Table 3) . This is approximately the same degree of inhibition as was observed for total E. coli protein (34, 40) .
Considering that the amount of translatable (40) have shown that both the rate and extent of degradation of newly synthesized protein after the shift-down are the same as in exponentially growing cultures.
It therefore seems probable to us that translation of the Q/8 coat protein cistron is regulated in the same manner as that of host mRNA's, namely, at the initiation of translation. These results suggest that the mechanism which acts to inhibit translational initiation after an energy source shift-down is relatively nonspecific. Although Ruscetti and Jacobson (34) speculated that the small residual number of polyribosomes which persist in down-shifted cells might represent the exemption of some mRNA species from control of translational initiation, no such mRNA species has yet been identified.
Westover and Jacobson (40) showed that the degree of inhibition of translational initiation after a shift-down was the same for total protein (presumably translated largely from monocistronic mRNA's) and for the 5'-proximal cistron of a polycistronic mRNA (/i-galactosidase). Jacobson and Baldassare (21) examined the accumulated 70S ribosomal mRNA complexes by electron microscopy and showed that the length distribution of the bound mRNA strands was consistent with a normal population of monocistronic mRNA's. Strands long enough to be polycistronic mRNA's were not observed, probably because such very long mRNA's would, on the average, be associated with more than one ribosome (41) . Thus, the question of whether the same control was exerted on the translation of internal cistrons of polycistronic mRNA's remained unresolved.
The present data show that the translation of Qf coat protein from the middle cistron of a tricistronic mRNA is subject to inhibition which quantitatively resembles that exerted on the synthesis of other proteins after shift-down. We conclude from this that the mechanism which regulates translation after an energy source shift-down does not involve any specific role for the 5' end of the mRNA.
The nature of the effector(s) governing this Our measurements also show that the GTP pool declined by about 40% after the shift-down (Table 4) . Similar declines in intracellular GTP following shift-down have also been observed by others (16, 42) . The present case differs from previous observations in that the contraction of the GTP pool took place in the absence of ppGpp accumulation (see below). This indicates that neither the withdrawal of guanine nucleotides to form ppGpp nor inhibitory effects of ppGpp on guanine nucleotide biosynthesis (15) are contributing to the loss of GTP. Rather, it seems that the contraction of the GTP pool must be a more direct effect of the shift-down.
Although there is nothing in the present data to rule out the possibility that this decline in the GTP pool is causally related to the decreased rate of translation, we regard such rough temporal correlations as insufficient proofof a causal relationship. More detailed kinetic studies of the relationship between the GTP pool and inhibition of translation are now in progress in our laboratory.
A number of kinds of evidence have been interpreted as suggesting that ppGpp, which accumulates significantly in both reUA and relA cells after a shift-down (42), might be a physiological regulator of translation. These include both stimulatory and inhibitory effects of ppGpp on in vitro protein synthesis (44) , inhibitory effects of ppGpp on in vitro assays for specific components of the translational apparatus (30, 45) , and temporal correlations between changes in protein synthesis and changes in cellular ppGpp pools (24) . In the present experiments, we found that ppGpp did not accumulate significantly in down-shifted, infected cells treated with rifampin (Table 4 ). The fact that the translation of Q/ coat protein was nevertheless inhibited indicates that ppGpp is not the primary effector of translational inhibition. This represents the first case in which inhibition of translation after a shift-down has been shown to be independent of ppGpp accumulation.
It should be noted that the failure of these cultures to accumulate ppGpp after an energysource shift-down was a specific result of the use of rifampin in our experiments, since ppGpp accumulated five-to sevenfold over the basal (glucose culture) level when rifampin was omitted (data not shown). This contrasts with the pattern of ppGpp accumulation found by Watson and Yamazaki (39) in amino acid-starved cultures. They found that rifampin prevented ppGpp accumulation in uninfected but not in infected amino acid-starved cultures, and they concluded that accumulation of ppGpp in rifampin-treated cultures was phage specific. Similarly, Lund and Kjeldgaard (27) showed that rifampin-induced decay of ppGpp does not occur during infection with bacteriophage T7. It was postulated that ppGpp accumulation is dependent on the presence of translatable mRNA and that infection with RNA phages or T7 provides a source of mRNA even in the presence of rifampin.
Our data, however, indicate that the presence of translatable Qfi RNA in down-shifted cells is not sufficient to relieve rifampin inhibition of ppGpp accumulation. This apparent discrepancy may reflect nothing more than the fact that the reUA-independent accumulation of ppGpp after a shift-down occurs by a different mechanism than the relA-dependent accumulation of ppGpp in amino acid-starved cells (5) . Alternatively, it may be that quantitative aspects of the mRNA supply and its rate of participation in translation are important.
Many steps in the infectious cycle of RNA phages either directly or indirectly involve the translational machinery of the host bacterium. Not only does the phage RNA have to act as both mRNA and template for RNA replication, but ribosome-associated proteins participate directly in the process of RNA-dependent RNA replication (2, 38) . It therefore seems likely that an inhibition of phage RNA translation will have further secondary consequences for phage development. Leschine and Jacobson (Abstr. Annu. Meet. Am. Soc. Microbiol. 1976, K45, p. 144) reported that the appearance of Qf coat protein and RNA-dependent RNA replicase activity are delayed considerably when a shift-down is imposed just before, but not just after, Q8) infection. Further study of the consequences of translational inhibition for the early events of phage development may help to delineate the mechanism of translational control.
